Abstract. In this paper, magnetic iron fibres of diameter down to 2 µm were produced by using the bundle-drawing method, and iron fibre-epoxy resin composites were prepared by mixing epoxy resin with the iron fibres. The electromagnetic parameters of the iron fibre-epoxy resin composites were measured using the transmission/reflection coaxial line method at microwave frequencies. The measured results show that the iron fibre-epoxy resin composites exhibit larger values of µ and µ in the frequency range of 2-18 GHz, and the values of both ε and ε steeply increase with increase in the fibre concentration. Based on a theoretical calculation of the reflection coefficient, the microwave absorbing properties of the iron fibre-epoxy resin composites were examined. The calculated results indicate that the iron fibre-epoxy resin composites exhibit good absorption performance in the radar band. The optimum absorption can be achieved by optimizing the fibre concentration. The absorption peak frequency can be manipulated easily by changing the thickness of the material layer. The calculated results also indicate that magnetic iron fibres may be useful in producing thin and lightweight radar absorbing materials.
Introduction
Radar absorbing materials (RAMs) are an essential part of a stealthy defence system for all military platforms, whether as aircraft, sea or land vehicles. To this end, RAMs not only need to exhibit a low reflection coefficient over a wide frequency range, but also need to be thin and lightweight, especially for applications to aircraft. Moreover, for simplicity and ease of implementation, RAMs should employ a simple single-layer structure.
Magnetic absorbing materials made by dispersing magnetic fillers in an insulating matrix continue to play a leading role in the investigation and application of RAMs. In principle, the absorption performance of a single-layer magnetic absorbing material can be improved by increasing filler permeability, filler concentration, and material thickness [1] .
However, for thin and lightweight RAMs, both the material thickness and the filler concentration should be low. That is, a large permeability value is necessary for producing a thin and lightweight RAM. Spherical ferrite and carbonyl iron powders are among the most popular conventional magnetic fillers, but they still have difficulty in meeting the criterion in thin and lightweight RAM for permeability [2] [3] [4] . In recent years, some research has been devoted to the preparation and study of the electromagnetic (EM) properties of nonspherical magnetic particles (e.g. flaky iron particles [5] and acicular iron particles [6] ). All these works show that nonspherical magnetic particles exhibit a higher permeability and hence better absorption in the radar band, when compared to spherical magnetic particles [5] [6] [7] [8] .
Recently, we have studied the EM properties of fibrous magnetic metal particles. In [9, 10] , we presented a theoretical investigation of the EM properties of magnetic iron fibres. In the present paper, we will describe the preparation of magnetic iron fibres, and the EM and radarabsorbing properties of iron fibre-epoxy resin composites.
Metal fibres are usually produced by bundle-drawing, melt-extraction, or shatter-machining [11] [12] [13] [14] [15] . Both the bundle-drawing and melt-extraction methods can be used to produce metal fibres finer than 10 µm. The bundledrawing method is suitable for ductile metals, and the meltextraction method is suitable for lower melt-temperature metals. The chatter-machining method can be used to continuously produce short metal fibres with diameters of 15-100 µm, but it is not successful in producing fine fibres below 10 µm in diameter. In this paper we use the bundledrawing method to prepare the iron fibres.
Numerous techniques have been developed for measuring the microwave permeability and permittivity of materials. The most widely used techniques are cavity perturbation techniques, free-space techniques, and transmission/reflection (T/R) methods. The T/R coaxial line method has demonstrated unmatched advantages compared to other techniques. Some advantages are high measurement sensitivity, broadband TEM propagation, and simple mechanical assembly [16] [17] [18] . For this reason, we use the T/R coaxial line method to measure the EM parameters of the composites. The reflection coefficient of RAMs is generally used to specify their absorption performance. Based on a theoretical calculation of the reflection coefficient, the microwave absorbing characteristics of the composites are examined in this paper.
Experimental details
Several thousands of commercially available iron wires, about 100-500 µm in diameter, were bundled and drawn simultaneously. The individual wires were separated from one another with a suitable separating agent prior to bundling, so that the final fibres could be divided easily after drawing. After the division, long iron fibres were mechanically cut to short ones in the length range of 10 2 -10 3 µm. Then these short iron fibres were milled in ethanol with 1.5 mm diameter steel balls in a ball mill. The final diameter of the iron fibres depends on the diameter and metallurgical purity of the initial iron wire, and it is almost unchanged by the milling. The final length of the fibres mainly depends on the milling procedure.
The morphology of iron fibres was examined by a Hitachi S-2150 Scanning Electron Microscope (SEM), see figure 1. The average diameter and length were estimated from image analysis of approximate 200 fibres.
Iron fibre-epoxy resin composites A1, A2, and A3 were prepared by dispersing iron fibres randomly in a commercially available epoxy resin (diglycidyl ether of bisphenol A) with volume fractions of 8%, 20%, and 30%, respectively. Cylindrical toroidal samples were fabricated; the samples were 3.04 mm in inner diameter, 7 mm in outer diameter, and 2-3 mm in thickness.
The T/R coaxial line method was used to determine the EM parameters of the composites. The measurement setup consisted of an HP8510B vector network analyser with a synthesized sweep oscillator source and an S-parameter test set. A gold-plated coaxial air line with a precision 7 mm connector interface was used to hold the samples. The relative complex permeability µ = µ − jµ and relative complex permittivity ε = ε − jε of the samples were calculated from the measured T/R coefficients over the frequency range of 2-18 GHz [16] .
Theoretical calculation of the reflection coefficient
According to transmission line theory, the reflection coefficient of EM radiation, R (dB), under normal wave incidence at the surface of a single-layer material backed by a perfect conductor can be defined by [19] 
where Z 0 is the characteristic impedance of free space,
Z in is the input impedance at free space and material interface,
where f and d are the frequency of the EM wave and the thickness of the material, respectively. The calculations of the reflection coefficients of the iron fibre-epoxy resin composites were carried out by using equations (1)-(3).
Results and discussion
A scanning electron micrograph of the iron fibres, about 2-4 µm in diameter, produced in this work is shown in figure 1 . It can be seen that iron fibres produced by the bundle-drawing method have a uniform diameter and a welldefined shape. Figure 2 illustrates the complex permeability and permittivity of the composites versus frequency. As shown in figure 2 , the iron fibre-epoxy resin composites exhibit larger values of µ and µ in the 2-18 GHz frequency range despite a low fibre concentration. For composite A2 containing 20 vol% iron fibres, the value of µ is higher than 1.5 over the 2-11 GHz frequency range, and the value of µ is higher than 0.6 over the entire 2-18 GHz range. For composite A3 containing 30 vol% iron fibres, the value of µ is as high as 4.37 at 2 GHz and higher than three in the frequency range of 2-3.8 GHz, the value of µ is higher than 1.5 over 2-11.6 GHz and higher than one over the entire 2-18 GHz frequency range. The values of µ for composite A1, A2, and A3 all decrease with increasing frequency. This is due to both eddy current loss and ferromagnetic resonance [20] . Figure 2 also indicates that the values of both ε and ε for composite A2 are higher than those for composite A1 and far lower than those for composite A3 in the entire frequency range of 2-18 GHz. Thus it can be seen that the dielectric property of the iron fibre-epoxy resin composite is quite sensitive to the fibre concentration. In other words, the values of ε and ε of the iron fibre-epoxy resin composite can be easily controlled by changing the fibre concentration.
The absorbing properties of the iron fibre-epoxy resin composites are illustrated in figure 3 for thicknesses 0.8, 1.0 and 1.5 mm. As shown in figure 3(b) , composite A2 exhibits a good absorption performance in the radar band. For example, when the thickness is 1.0 mm, the reflection coefficient is less than −8 dB over 9.7-14.5 GHz and less than −5 dB in the wide frequency range of 8-18 GHz, respectively. This indicates that composite A2 may be useful in producing thin and lightweight RAMs. of the iron fibre-epoxy resin composites can be manipulated easily by changing the thickness of the material.
However, both composites A1 and A3 exhibit poorer absorption in the radar band when compared to composite A2. This can be explained by equations (1)-(3) . Equation (1) can be rewritten as
where z in and z in denote the real and imaginary parts of the normalized input impedance z in
It is obvious that the lowest reflection coefficient can be obtained at z in = 1 and z in = 0, and the normalized input impedance z in depends on the permeability and permittivity for a given thickness and frequency. In view of the great difference in the values of ε and ε for composites A1, A2, and A3, based on equations (4) and (5) values of ε and ε on the impedance z in are calculated for f = 10 GHz, d = 1 mm, µ = 1.5 and µ = 1. The effect of ε on the impedance z in is calculated at ε = 10, the effect of ε on the impedance z in is calculated at ε = 30.
The calculated results are illustrated in figure 4 . This shows that the optimum impedance z in is obtained at ε = 20-30 and ε < 10. It is thus clear that the value of ε for composite A1 is too low to achieve good absorption, and the values of both ε and ε for composite A3 are too high to achieve good absorption. This indicates that a good absorption performance can be achieved by optimizing the fibre concentration. In addition, figure 3 also indicates that, in contrast to composites A1 and A2, the reflection coefficient of composite A3 is insensitive to the thickness. This can be explained by the derivative of the input impedance Z in with respect to the thickness d. From equation (3), the derivative of Z in with respect to d can be expressed as
It is thus clear that, for low-permittivity materials, the value of ∂Z in /∂d is larger and then the reflection is sensitive to the thickness. But for high-permittivity materials, the value of ∂Z in /∂d is smaller and then the reflection is insensitive to the thickness.
Conclusions
Magnetic iron fibres of diameters down to 2 µm have been successfully produced by using the bundle-drawing method. The EM parameters of iron fibre-epoxy resin composites have been measured at microwave frequencies.
The measured results show that the iron fibre-epoxy resin composites exhibit larger values of both µ and µ in the frequency range of 2-18 GHz, and the values of both ε and ε for the composites steeply increase with an increase in the fibre concentration. Based on a theoretical calculation of the reflection coefficients, the microwave absorbing properties of the iron fibre-epoxy resin composites have been examined. The calculated results indicate that the iron fibre-epoxy resin composites exhibit good absorption performance in the radar band. The optimum absorption can be achieved by optimizing the fibre concentration. The absorption peak frequency can be manipulated easily by changing the thickness of the RAM. In addition, the calculated results also indicate that the magnetic iron fibres may be useful in producing thin and lightweight radar absorbing materials.
